Histopathologic evaluation of glioblastoma multiforme (GBM) at initial diagnosis is typically performed on tissue obtained from regions of contrast enhancement (CE) as depicted on gadolinium-enhanced, T1-weighted images. The non-enhancing (NE) portion of the lesion, which contains both reactive edema and infiltrative tumor, is only partially removed due to concerns about damaging functioning brain. The purpose of this study was to evaluate histopathologic and physiologic MRI features of image-guided tissue specimens from CE and NE regions to investigate correlations between imaging and histopathologic parameters. One hundred nineteen tissue specimens (93 CE and 26 NE regions) were acquired from 51 patients with newly diagnosed GBM by utilizing stereotactic image-guided sampling. Variables of anatomic, diffusion-weighted imaging (DWI), and dynamic susceptibility -weighted, contrastenhanced perfusion imaging (DSC) from each tissue sample location were obtained and compared with histopathologic features such as tumor score, cell density, proliferation, architectural disruption, hypoxia, and microvascular hyperplasia. Tissue samples from CE regions had increased tumor score, cellular density, proliferation, and architectural disruption compared with NE regions. DSC variables such as relative cerebral blood volume, peak height, and recovery factor were significantly higher, and the percentage of signal intensity recovery was significantly lower in the CE compared with the NE regions. DWI variables were correlated with histopathologic features of GBM within NE regions. Image-guided tissue acquisition and assessment of residual tumor from treatment-naive GBM should be guided by DSC in CE regions and by DWI in NE regions.
Histopathologic evaluation of glioblastoma multiforme (GBM) at initial diagnosis is typically performed on tissue obtained from regions of contrast enhancement (CE) as depicted on gadolinium-enhanced, T1-weighted images. The non-enhancing (NE) portion of the lesion, which contains both reactive edema and infiltrative tumor, is only partially removed due to concerns about damaging functioning brain. The purpose of this study was to evaluate histopathologic and physiologic MRI features of image-guided tissue specimens from CE and NE regions to investigate correlations between imaging and histopathologic parameters. One hundred nineteen tissue specimens (93 CE and 26 NE regions) were acquired from 51 patients with newly diagnosed GBM by utilizing stereotactic image-guided sampling. Variables of anatomic, diffusion-weighted imaging (DWI), and dynamic susceptibility -weighted, contrastenhanced perfusion imaging (DSC) from each tissue sample location were obtained and compared with histopathologic features such as tumor score, cell density, proliferation, architectural disruption, hypoxia, and microvascular hyperplasia. Tissue samples from CE regions had increased tumor score, cellular density, proliferation, and architectural disruption compared with NE regions. DSC variables such as relative cerebral blood volume, peak height, and recovery factor were significantly higher, and the percentage of signal intensity recovery was significantly lower in the CE compared with the NE regions. DWI variables were correlated with histopathologic features of GBM within NE regions. Image-guided tissue acquisition and assessment of residual tumor from treatment-naive GBM should be guided by DSC in CE regions and by DWI in NE regions.
Keywords: dynamic susceptibility contrast-enhanced imaging, diffusion-weighted imaging, glioblastoma, image-guided tissue acquisition, magnetic resonance imaging. G lioblastoma multiforme (GBM) is the most common and aggressive primary brain tumor in adults and demonstrates heterogeneous imaging characteristics, histologic features, and clinical outcomes. Despite significant advances in targeted surgical resection and conformal radiation therapy, GBM remains a uniformly deadly disease with a dismal prognosis of less than 10% 2-year overall survival. 1 -6 The presence of infiltrative tumor makes it difficult to define tumor margins, as regions with malignant features are intermingled within functioning brain that cannot be removed without severe detriment to the patient. Although it may be possible to achieve a gross total resection of the contrast-enhanced (CE) component of the lesion, there is often a substantial non-enhancing (NE) tumor component that is left behind and eventually becomes the site of focal recurrence.
The current standard for diagnosis and evaluation of prognosis for GBM remains histopathologic analysis of tumor specimens. The World Health Organization II diagnostic criteria of GBM are based upon the presence of microvascular hyperplasia, cellular proliferation, nuclear atypia, architectural disruption, and necrosis. 3 -6 Tissue samples are typically obtained from the CE component of the tumor. 5 -7 There is rarely an examination of heterogeneity throughout the entirety of the lesion or an attempt to make direct correlations between imaging and histopathologic features. The introduction of MRI sequences that provide tissue contrast based upon physiologic parameters, such as diffusion-weighted imaging (DWI) and T2* dynamic susceptibility -weighted, contrast-enhanced perfusion imaging (DSC), holds significant promise for identifying characteristics of GBM that are representative of biologic behavior. 7 -25 However, there remains the need to understand the relationship of these physiologic imaging measures with standard anatomic imaging parameters and histopathologic characteristics so they can collectively be utilized to assess tumor burden. 7 -10 DWI-derived apparent diffusion coefficient (ADC) and fractional anisotropy (FA) values are increasingly utilized in the evaluation of patients with brain tumors, as these quantitative measures can be obtained in less than 5 min. ADC and FA values have been previously associated with increased cell density and disruption of normal tissue architecture. 26 -29 Recent studies investigating tissue samples from patients with primary CNS lymphoma have suggested that there is an inverse correlation between ADC values and cell density, 28, 29 but similar studies involving specimens from GBM have yielded varied results. 29 -32 DSC MRI has been widely used to investigate variations in cerebral blood volume (CBV), peak height (PH), recovery factor (RF), and percentage of signal intensity recovery (PSR). 8 -15 Prior investigations have shown that DSC provides quantitative parameters that reflect hemodynamic characteristics of normal and tumor microvasculature within the brain and have demonstrated its clinical utility as a companion to anatomic MRI differentiating GBM from single brain metastasis, 8 -18 predicting glioma grade, 18 -21 and distinguishing recurrent brain tumors from radiation necrosis. 33 -36 The purpose of the current study was to determine whether the differential distribution of histologic features between tissue specimens that were obtained from CE and NE regions of tumor in patients with treatment-naive GBM is associated with specific anatomic and physiologic MRI parameters. This investigation utilized image-guided tumor specimens from patients undergoing initial surgical resection in conjunction with a battery of histopathologic tests in order to make direct correlations between their biologic features and the corresponding in vivo MRI parameters.
Methods

Patient Population
A total of 51 adult patients (35 men, 16 women; mean age 64.5 y, range 33-85) with newly diagnosed GBM were prospectively enrolled into our study from July 2007 to June 2010. The study was in compliance with the University of California San Francisco Health Insurance Portability and Accountability Act, our institutional review board and Committee on Human Research, and the ethical human-subject standards of the World Medical Association Declaration of Helsinki: Research. Written informed consent was obtained from all patients.
Preoperative Imaging Protocol
Forty-six patients underwent preoperative anatomic and physiologic MRI using a 3T MR scanner (GE Medical Systems), and 5 patients were imaged on a 1.5T Signa Horizon scanner (GE Medical Systems). Similar MRI protocol was utilized: 3 plane localizer (8.5 ms repetition time [TR]/1.6 ms echo time [TE]), sagittal T1-weighted spin echo (600 ms/17 ms TR/TE), axial 3D T2-weighted fast spin echo (FSE) (3000 ms/102 ms TR/TE), axial fluidattenuated inversion recovery (FLAIR; 10 000 ms/ 148 ms/2200 ms TR/TE/inversion time), axial DWI (echo-planar; 10 000 ms/99 ms TR/TE; 3 mm/0 mm slice thickness/interslice gap; 256 × 256 matrix size; 24 cm field of view; 6 gradient directions, b ¼ 0 and 1000 s/mm 2 ), and contrast-enhanced 3D spoiled gradient-recalled acquisition in the steady state (SPGR) T1-weighted (34 ms/8 ms TR/TE; 1.5 mm/0 mm, slice thickness/interslice gap) and T1-weighted postcontrast spin echo images (600 ms/17 ms TR/TE). In selected cases, data from 3D H-1 MR spectroscopic imaging (MRSI) were acquired for evaluation of tumor metabolism and contributed to the site selection for obtaining tissue samples that were likely to represent tumor, based upon the choline to N-acetyl aspartate index (CNI) being .2 SEs above normal. 11, 37, 38 Axial DSC was performed utilizing a series of T2* gradient-echo echo-planar images (flip angle ¼ 358 or 608; 54-56/1250 -1500 ms TE/TR; 128 × 128 matrix size; 26 × 26 cm field of view; 8-12 slices, 3-4 mm slice thickness) acquired immediately before, during, and after (total of 60-80 time points) intravenous administration of 0.1 mmol/kg gadopentetate dimeglumine (Gd-DTPA; Magnevist, Bayer HealthCare Pharmaceuticals) with an MR-compatible power injector (Medrad, Spectris Solaris) at a rate of 4-5 mL/s through a 20-gauge angiocatheter, followed by 20 mL of continuous saline flush. The first 10 echo-planar imaging acquisitions were performed before the injection of Gd-DTPA to establish a precontrast baseline. The region selected for DSC coverage included the entire tumor volume as determined by T2-weighted FLAIR and FSE images. A TE of 54 ms and flip angle of 358 were selected to maximize the effect of susceptibility changes while minimizing T1 effect during the first pass of the contrast agent.
Physiologic MRI Processing
MR imaging data were transferred to a commercially available Linux workstation were data from postcontrast T1-weighted images in 3D SPGR images, T2-FLAIR images, DSC, DWI, and, where available, H-1 MRSI. At the workstation, these sequences were processed and co-registered as described previously. 39 The accuracy of co-registration was manually verified by visual inspection. DSC and DWI analysis was performed using software developed by our group. 13, 39, 40 The T2* dynamic signal intensity time curves acquired during the first pass of the gadolinium bolus were converted into dynamic DR2* curves and resampled to match the spatial resolution of the anatomic imaging series. PH was defined as the maximum DR2* value of the first-pass curve. PSR was calculated as the difference between the PH value and the average values of the final 5 time points in the dynamic DR2* series divided by the PH value. CBV and RF maps were calculated on a voxel-by-voxel basis utilizing a modified gamma-variate function that takes into account leakage of the contrast agent. 13, 39, 40 DWI was used for the production of ADC and FA maps on an automated voxel-by-voxel basis. Several of the physiologic MRI parameters were normalized by dividing the estimated values in normal-appearing white matter from the contralateral hemisphere before comparison with the histologic data (rCBV, rPH, rADC, rFA).
Preoperative Tumor Tissue Site Selection and MRI Analysis
Anatomic and physiologic MRI was used to guide the prospective selection of tissue sampling sites within the T2 FLAIR and FSE hyperintense portion of the tumor. Tissue sampling sites were preoperatively planned and marked on the anatomic images that were used by the surgical navigation workstation (Brainlab, VectorVision Navigation System; Medtronic, Stealth Station). Criteria used to plan sites were based upon results from previous studies as having either rPH . 3, ADC , 1200, or, when MRSI data were available, CNI . 2. 13, 18, 31, 32, 37, 38, 41, 42 The tissue targets were marked on the anatomic images to be used by the surgeon for intraoperative sample localization. Requested tissue sampling sites were obtained more than 85% of the time with at least one requested tissue sampling site for all patients being sampled; however, it was not always possible to match all the requested tissue targets, so the actual locations of the acquired tissue sample were saved on the surgical navigational system as both screenshots and as a list of image coordinate values. The tissue coordinates were subsequently used to define spherical regions of interest (ROIs) of 5 mm diameter and to record corresponding values of anatomic and physiologic MRI parameters. Accurate co-registration of intraoperatively generated screen shots that defined the tumor specimen site and the corresponding ROI were reviewed by a neuroradiologist who was blinded to other patient data. The median intensity values for each of the relevant imaging parameters within the sample ROIs were determined for the subsequent imaging analysis using automated software developed in our research group.
Intraoperative Tissue Collection and Histopathologic Tumor Analysis
After removal from the brain, tissue specimens were divided in half, with one half snap frozen in liquid nitrogen for potential future studies and the other half immediately placed in zinc-formalin for 4-6 h, dehydrated in a series of graded alcohols, and infiltrated with lowtemperature paraffin for histologic analysis. Sections from the tissue specimens were stained with hematoxylin and eosin (H&E) or immunostained using an automated immunohistochemical (IHC) tissue staining process (Ventana Medical Systems Benchmark XT). Digital images were captured with an Olympus BX41TF microscope and an Olympus DP70 digital microscope camera.
For each tissue specimen, the presence of tumor cells was scored based upon review of H&E-stained sections by a neuropathologist as 0 ¼ no tumor present, 1 ¼ infiltrating tumor margin, 2 ¼ infiltrating cellular tumor, and 3 ¼ highly cellular infiltrating tumor involving .75% of the tissue. Tumor cells were identified based upon morphologic features, including cytologic atypia, enlarged nuclear to cytoplasmic volume ratio, and hyperchromasia. The cumulative extent of necrosis was scored as 0 ¼ no necrosis, 1 ¼ focal necrosis involving ,50% of the tissue area, and 2 ¼ extensive necrosis involving ≥50% of the tissue area.
The degree of microvascular hyperplasia, hypoxia, and architectural disruption was qualitatively measured using IHC stained sections for factor VIII, carbonic anhydrase (CA)-9, and SMI-31, respectively, using an ordinal scale of immunoreactivity. For factor VIII staining, the presence of specific microvascular elements was scored as 0 ¼ delicate microvasculature only, 1 ¼ simple hyperplastic structures identified (hyperplastic capillaries with definitive lumen), and 2 ¼ complex microvascular hyperplasia (circumferential multilayered and glomeruloid-type vessels). The contribution of each type of microvascular element to the overall vascularity was scored as 0 ¼ not present, 1 ¼ present but not predominant, and 2 ¼ predominant.
The degree of hypoxia, as denoted by percentage of CA-9 positivity of tissue, was scored as 0 ¼ no positive staining, 1 ¼ ,10%, 2 ¼ ≥10% but ,25%, and 3 ¼ ≥25%. The CA-9 gene has a hypoxiaresponsive element in its promoter, and its expression at the protein level is commonly used as a marker for hypoxia. To assess the degree of architectural disruption, we performed an IHC analysis with SMI-31, an antibody against a phosphorylated neurofilament epitope in thick and thin axons, and scored the samples based on the extent of SMI-31 staining as 0 ¼ no disruption of the normal architecture, 1 ¼ minimal disruption, 2 ¼ mild disruption, and 3 ¼ severe disruption with no residual SMI-31 immunostaining.
The total number of cells and the total number of Ki-67 stained cells was quantified in 3-5 separate fields at 20× magnification to assess total cell number and standardized proliferation index. A minimum of 400 nuclei were counted per sample. An attending neuropathologist with greater than 10 years experience who was blinded to the results of MRI performed all quantitative and qualitative histopathologic assessments. All of the tissue specimens were of sufficient size and IHC staining quality to be included for analysis.
Statistical Analysis
There were 3 components to the analysis: (1) assessment of intratumor variation for each histopathologic and MRI variable, (2) assessment of whether MRI parameters (perfusion, diffusion, and anatomic) were predictive of GBM histopathology, and (3) evaluation of associations within histopathology features and in vivo MRI parameters.
Association of Histopathology Characteristics and MRI Variation within Tumor Specimen Regions.-Mixed effects modeling was performed to estimate the coefficient of intratumor variation (as measured in CE vs NE regions) for each histopathologic and MRI variable in the subset of patients who had tumor specimens from both regions. For each continuous variable, the initial model included a fixed effect for each tissue specimen site and a random effect for each patient. This model can be written as:
where y ijk is the histopathologic or imaging value of the ith subject in the jth tumor specimen region for the kth biopsy; b j is the tumor specimen-specific intercept; and 1 is the residual. This model assumes that b i N(0,s b 2 ) and 1 ijk N(0,s 2 ). The assumptions of normality for the random effects were verified with quantilequantile plots. For some histologic and MRI variables, plots of residuals against fitted values demonstrated heteroscedasticity within tumor specimen regions. In those cases, the model was adjusted to account for unequal variances within tumor specimen regions. Interactions between the fixed and random effects were also investigated. Models were pairwise compared and the coefficient/P value for the best model is reported. R and the Nonlinear Mixed Effects package were used for the continuous-value outcome mixed effect models.
To compare the ordinal histopathology variables between CE and NE tumor specimen regions, we employed a proportional odds logistic regression model with repeated measures to model the probability of observing a lower versus a higher response. This model is written as:
where c is the total number of levels of the ordinal variable, W i and Z i are the design matrices for the fixed effects and for the random effects, respectively; x ij and z ij are rows corresponding to the jth biopsy region; and b and b i are the vectors of the fixed and random parameters, respectively. The intercepts are fixed and category dependent. The odds ratio and P value for each variable is reported. The mixed effect models of ordinal-valued outcomes were analyzed with Proc Genmod in SAS v.9.2.
Predictive Ability of MRI Parameters by Tumor Specimen Region.-The primary analysis focused on whether anatomic, diffusion, or perfusion parameters (rT1C, rFSE, rFLAIR, rFA, rADC, rCBV, rPH, PSR, or RF) were predictive of malignant glioma histopathology as assessed in each region by tumor cellularity (H&E), proliferation (Ki-67), overall cell density (H&E), necrosis (H&E), microvascular hyperplasia (factor VIII), hypoxia (CA-9), architectural disruption (SMI-31), or microvascular morphology (delicate, simple, complex; factor VIII). Univariate mixed effects linear models fit as described above were used with each histopathology feature as the outcomes, and the imaging parameter was used as a fixed predictor adjusting for the patient effect. For models involving continuous outcomes, the coefficients were reported if they were statistically significant at P ≤ .05 and if the within-tumor residual variance decreased at least 5% compared with the unconditional means model. Each association was also assessed by randomly selecting one sample per patient and calculating a Kendall's tau correlation coefficient (t). This sampling process was repeated 100 times. A strong correlation was identified if the corresponding P value for t was significant at P ≤ .05 in 70% of the 100 samples. The median t and P value are reported where a correlation did not exist linearly. Imaging parameters statistically significant at P ≤ .15 were modeled pairwise with and without interaction. These models were compared with the univariate model to confirm whether the additive effect strengthened the model.
Associations among Histopathology Scores and MRI by
Tumor Specimen Region.-Exploratory associations were estimated within histopathology features and within in vivo MRI parameters stratified by tissue sample regions. Univariate mixed effects linear models were fit as described above. Only associations of the following MRI variables are summarized: rT1c, rFSE, rFLAIR, rCBV, rADC, and rFA. Hypoxia, necrosis, and complex vessel scores were excluded from analyses involving NE regions because there were a relatively small number of nonzero values.
Results
A total of 119 image-guided tissue specimens were obtained from regions of suspected tumor during surgical resection of 51 patients who were assessed as having newly diagnosed GBM. Ninety-three tissue specimens were obtained from CE regions and 26 from NE regions. The analysis of DSC data was limited to patients (N ¼ 35) imaged with a flip angle of 358 to minimize T1 signal intensity effects during the first pass of the contrast agent (N tissue samples ¼ 72).
Differential Distribution of Histopathologic Features within CE and NE Regions
Summary statistics for regional histopathology features obtained from this cohort are presented in Table 1 and Fig. 1 . Tumor was found in 81% of NE tissue specimens and 90% of CE tissue specimens. Considering that the surgeon was not always able to sample the requested location, the high tumor identification rate indicated that the imaging criteria used for tumor targeting were highly effective. Tissue specimens obtained from CE regions had significantly increased tumor score (P ¼ .04) and architectural disruption as demonstrated by SMI-31 (P ¼ .05) compared with NE regions. Proliferation and tumor cell density were also found to be elevated within CE regions (proliferation mean 15.8% vs 4.6%, P ¼ .04; tumor cell density mean 268 vs 146, P ¼ .007). The relative contribution of delicate vascular morphology was higher in NE tumor tissue regions (P ¼ .01). As is shown in Fig. 1 , there were relatively few samples from NE regions with complex microvascular hyperplasia, hypoxia, and necrosis (19%, 4%, and 0%, respectively).
Differential Distribution of MRI Parameters within CE and NE Regions
Summary statistics for regional anatomic and physiologic MRI values obtained from this cohort are summarized in Table 2 and Fig. 2 . Compared with NE regions, tissue specimens obtained from CE regions demonstrated significantly higher levels of rT1C, rFSE, rCBV, rPH, and RF (P , .01). As expected, PSR was found to be significantly lower within CE regions compared with NE regions (P ¼ .007). The distributions of rADC, rFA, and rFLAIR were not found to be different between CE and NE regions. 
Association of Histology and MRI Parameters within CE Tumor Regions
Association of Histology and MRI Parameters within NE Tumor Regions
The associations between MRI and histopathologic features in NE regions are summarized on the right-hand side of Table 3 (detailed results are shown in  Supplementary Table S2 ). Inverse associations were observed for tumor score with rFSE and rADC (P ¼ .03 and .02) as well as proliferation with rFLAIR and rADC (P ¼ .01; Fig. 4 ). Architectural disruption (SMI-31) was inversely related to rADC (P ¼ .005; Fig. 4 ) but positively correlated to rFA and rPH (P ¼ .035 and .038). Tumor cell density was associated with increasing rPH (P ¼ .05), while delicate microvasculature was found to be positively associated with rT1C (P ¼ .03) and rFA (P ¼ .009).
Associations Among Histology Parameters
The potential interactions between histopathologic features within each tumor region are summarized in Histopathologic features were noted to be heterogeneously distributed within both enhancing and non-enhancing regions. Bar graphs of the entire cohort's histopathological features demonstrate significantly increased distribution of tumor score, architectural disruption, and complex vascular hyperplasia morphology within contrast-enhancing regions compared with non-enhancing biopsy regions (P , .05). Delicate vascular morphology distribution was increased within non-enhancing biopsy regions compared with contrast-enhancing regions (P ¼ .01). The distributions of overall vascular hyperplasia and simple microvascular hyperplasia morphology were not different between enhancing and non-enhancing regions. Hypoxia and pseudopalisading necrosis were not observed in non-enhancing regions. Table 4 (details shown in Supplementary Table S3) . No assessment was made for complex microvascular morphology because the number of samples with positive scores was relatively small (41% for CE and 20% for NE regions). Within CE tissue specimens, all histopathologic features, except for delicate vasculature, were positively associated with tumor score, proliferation, and total microvascular hyperplasia. Delicate microvascular morphology was inversely associated with tumor score, proliferation, total microvascular hyperplasia, and necrosis within CE tissue specimens. Additionally, CE tissue specimens demonstrated positive associations among hypoxia, architectural disruption, simplex microvascular morphology, and necrosis.
Relationships among proliferation, microvascular hyperplasia, architectural disruption, and simplex vasculature scores were similar in NE tissue specimenshowever, low numbers of positive scores for necrosis and hypoxia (0% and 4%, respectively) precluded evaluation of these features. NE tissue specimens lacked a significant association of delicate microvascular morphology with other histopathologic features and for tumor cell density with proliferation or microvascular hyperplasia.
Associations Among MRI Parameters
Associations among MRI parameters are summarized in Table 5 (details are shown in Supplementary Table S4) . rFSE and rFLAIR were associated within CE and NE regions. rT1C was inversely associated with rFSE and rFLAIR only within NE regions. rCBV was positively associated with rPH and inversely associated with rADC in CE and NE regions. rCBV was associated with rT1C only in CE regions. rADC was positively associated with rFSE and inversely associated rFA in CE and NE regions. Similar parameters from the same imaging modality, such as rCBV and rPH, were positively related, and PSR was inversely related with RF for CE and NE regions.
Discussion
In this study we prospectively collected tissue specimens from CE and NE regions in patients with untreated GBM utilizing MRI-guided neurosurgical techniques to evaluate their physiologic MRI and histopathologic characteristics and to assess the correlation of in vivo Abbreviations: CE, contrast-enhanced; NE, non-enhanced; MRI, magnetic resonance imaging; DWI, diffusion-weighted imaging; DSC, dynamic susceptibility -weighted, contrast-enhanced perfusion imaging; Std, standard deviation; rFLAIR, relative fluid-attenuated inversion recovery, T2 hyperintensity value; rT1C, relative T1 enhancing value; rFSE, relative fast spin echo T2 hyperintensity value; rCBV, relative cerebral blood volume; rPH, relative peak height; PSR, percentage of signal intensity receovery; RF, recirculation factor; rADC, relative apparent diffusion coefficient; rFA, relative fractional anisotropy; Min, minimum value within region of interest; Pt #, number of patients; TS #, number of tissue samples; Max, maximum value within region of interest. The estimated difference in effect between the 2 regions (NE as baseline) is summarized by the coefficient/P value from mixed effects models. Relative values indicated by the prefix r indicates tumor value divided by contralateral white matter value. MR parameters with histologic features of GBM. We observed that a number of histopathologic features and quantitative MRI parameters differ between CE and NE regions. These variables also demonstrate significant correlations suggesting that DSC perfusion and DW MRI are capable of detecting heterogeneous histopathologic features within anatomically distinct portions of treatment-naive GBM.
The results of our study suggest that the tissue sampling site criteria of either rCBV . 3, ADC , 1200, or CNI . 2 within CE and NE regions are highly effective in identifying tumor-containing regions in patients with Fig. 2 . Distribution of dynamic susceptibility -weighted, contrast-enhanced perfusion imaging (DSC) perfusion, diffusion, and anatomic T1-and T2-weighted magnetic resonance imaging (MRI) characteristics among contrast-enhancing (CE) and non-enhancing (NE) regions. Histograms as a distribution of the entire cohort's MRI values demonstrate significantly elevated relative T1 enhancing value (rT1C), relative fast spin echo T2 hyperintensity value (rFSE), relative cerebral blood volume (rCBV), relative peak height (rPH), and recirculation factor (RF) values within contrast-enhancing regions compared with non-enhancing regions (P , .01). Mean PSR values were significantly lower within contrast-enhancing regions compared with non-enhancing regions (P , .01). Relative apparent diffusion coefficient (rADC), relative fractional anisotropy (rFA), and relative fluid-attenuated inversion recovery T2 hyperintensity value (rFLAIR) were not observed to be differentially distributed between contrast-enhancing and non-enhancing regions. 
treatment-naive GBM. This is of particular interest for defining tumor burden in NE regions, where being able to distinguish reactive edema from biologically active infiltrative tumor is clinically important. Previous studies in patients with newly diagnosed GBM have shown that increased volumes of ADC , 1200 or CNI . 2 within the T2 hyperintense lesion were associated with poor overall survival prior to initial surgical resection. 41 Additionally, Saraswathy et al. 42 have demonstrated that increased volumes of these 3 physiologic MR parameters within the T2 hyperintense lesion at the postsurgery and pretreatment examinations are associated with decreased survival. Future studies will follow up on these findings by considering these measures as candidates for defining physiologic as opposed to anatomic tumor burden in serial studies of response to therapy. From the comparison of histologic parameters within CE versus NE regions, it was clear that the hallmark histopathologic features of GBM, including necrosis and complex microvascular hyperplasia, were present in a significant number of CE regions but either absent or rare in NE regions. Despite this, the majority of NE regions (81%) did contain tumor cells, as indicated by a positive tumor score. Additionally, a median Ki-67 score of 4.55% was observed among the NE regions. Interestingly, the hypoxia score was zero for all except one of the NE tumor specimens. Given that welloxygenated tissues are sensitive to radiation damage, this finding raises the possibility that tumor in NE regions of GBM may be more effectively treated by radiation or DNA damaging chemotherapies than is tumor in CE regions. This has significant implications for planning boost volumes for radiation therapy. Of further interest in designing therapy protocols is the presence of simple microvascular hyperplasia in 65% of the samples from NE regions, which indicates that although there is increased vasculature in these areas, the vessel permeability is limited. The relationship between increased intratumoral perfusion and malignant growth has been associated with hypoxic cellular conditions within GBM. 43 -49 The morphologic feature of CE on T1-weighted MRI, which reflects the disruption of the blood-brain barrier, has previously been thought of as a marker of elevated complex microvasculature, but several studies have demonstrated a discrepancy between regions of CE and microvascular density. In this study, a strong positive correlation was observed for rCBV and rPH in CE regions with the histopathologic features of proliferation, cell density, and microvascular hyperplasia. This suggests that DSC MR imaging is capable of capturing a clinically useful, noninvasive assessment of the CE lesion for newly diagnosed GBM that can be utilized on an individual basis to provide quantifiable biomarkers. The pattern of microvascular proliferation can vary widely in GBM. 53 -60 Areas of infiltrative tumor often contain delicate vasculature that resembles normal cerebral vasculature. Regions with more malignant tumor features contain both simple and complex microvascular hyperplasia. Simple microvascular hyperplasia has been characterized by hyperplastic capillaries with increased endothelial cellularity and luminal patency. 32,53 -60 Complex microvascular hyperplasia is identified by large collections of capillaries with partially to completely thrombosed slit-like lumen, resulting in minimal perfusion to the surrounding tissue. 32,53 -60 The correlation of rCBV and rPH with microvascular morphology suggests that DSC perfusion imaging is sensitive to all 3 types of vascular morphology and can be used to guide the acquisition of tumor samples, irrespective of the patterns of CE.
The results of our study challenge the widely held concept that T2 FSE and FLAIR hyperintense nonenhancing regions have limited malignant potential. By using physiologic MRI parameters to target tissue specimens from NE regions, we were able to identify areas with histopathologic features corresponding to biologically active tumor. Interestingly, rADC and rFSE were found to be associated with tumor score in the NE region, but this was not the case in CE regions. This was thought to be due to partial volume averaging of tumor and necrosis within voxels that correspond to the CE region, which makes the image intensities higher than would have otherwise been observed. Previous investigations have also yielded mixed results. Sadeghi et al., 18 in their investigation of untreated GBM, reported an inverse correlation of rADC with microvascular density but no inverse correlation between rADC and tumor cell density in their examination of 33 tumor tissue specimens. On the other hand, several other groups have reported finding an inverse correlation between rADC and cell density. 29 -32 These conflicting findings are likely due to the differences in sampling strategies for obtaining tissue samples, as well as the complex interactions of water diffusivity within the heterogeneous cellular environment of GBM.
Our study was specifically designed to look at regions within the enhancing and non-enhancing lesions with physiologic imaging parameters suggestive of tumor. Given that it was not always possible to exactly target the areas requested, as well as the differences in scale of the image resolution versus the amount of tissue evaluated using histology, the fact that 90% of the enhancing samples and 81% of the non-enhancing samples had a positive tumor score is encouraging. To determine whether the imaging data can accurately define lesion boundaries would require a sampling strategy that also targeted regions of non-enhancing tumor with physiologic parameters unlikely to correspond to tumorhowever, this may not be practical from the patient's perspective given the risk of taking tissue from regions of normal brain.
One limitation of this study is that the potential exists for misregistration between biopsy sites and MRI uploaded to the neuronavigational device theatrically when significant amounts of brain shift occur. Such a mismatch could lead to inaccuracy in DSC and DWI measurements-however, several steps were utilized to negate any possible brain shift that may have occurred following dural opening. We sought to minimize significant amounts of brain shift by (a) performing accurate intraoperative neuronavigational system registration to the patient's facial anatomy, (b) avoiding substantial loss of cerebrospinal fluid, (c) watching for intraoperative brain swelling, (d) testing registration accuracy against visible cortical landmarks immediately prior to biopsy sampling, and (e) using standardized ROIs of sufficient size to compensate for any minimal shift in brain location. We believe that any minimal amount of brain shift that may have occurred prior to biopsy sampling did not result in significant sampling error or adversely affect the results of this study.
Further prospective studies may consider implementing the use of closed brain biopsies to negate this potential limitation.
Our investigation suggests that the heterogeneous distribution of histopathologic features within GBM can be reliably identified by physiologic MRI. The associations of imaging and histologic parameters observed indicate that these physiologic imaging variables are likely to be of interest for defining residual postsurgical tumor burden and may need to be considered in expanding the definition of the Revised Assessment in Neuro-Oncology criteria for assessing response to therapy. 61 
Conclusion
We have demonstrated that histopathologic features of GBM are differentially expressed between contrastenhancing and non-enhancing components of the tumor. In contrast-enhancing regions, DSC perfusion MRI variables can be used to identify tissue specimens with higher tumor proliferation, necrosis, and vascular hyperplasia. In the non-enhancing component of the lesion, DWI variables are able to improve the detection of infiltrating tumor, which may lack some of the characteristic histopathologic features of GBM and may therefore respond differently to radiation or other types of therapy when compared to enhancing tissues.
Supplementary Material
Supplementary material is available at Neuro-Oncology Journal online (http://neuro-oncology.oxfordjournals. org/).
